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ABSTRACT 
Homologs of Tobacco mosaic virus 30K cell-to-cell movement protein are encoded by diverse 
plant viruses. Mechanisms of action and evolutionary origins of these proteins remain obscure. 
We expand the picture of conservation and evolution of the 30K proteins, producing sequence 
alignment of the 30K superfamily with the broadest phylogenetic coverage thus far and 
illuminating structural features of the core all-beta fold of these proteins. Integrated copies of 
pararetrovirus 30K movement genes are prevalent in euphyllophytes, with at least one copy 
intact in nearly every examined species, and mRNAs detected for most of them. Sequence 
analysis suggests repeated integrations, pseudogenizations, and positive selection in those 
provirus genes. An unannotated 30K-superfamily gene in Arabidopsis thaliana genome is likely 
expressed as a fusion with the At1g37113 transcript. This molecular background of 
endopararetrovirus gene products in plants may change our view of virus infection and 
pathogenesis, and perhaps of cellular homeostasis in the hosts. 
 
Keywords: plasmodesmata,  endopararetroviruses, virus evolution, virus cell-to-cell movement, 
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Introduction 
Plant viruses infect their hosts in different ways, but the natural invasion always proceeds 
from a relatively small set of initially infected cells to the neighboring cells and tissues, and 
ultimately to the rest of the plant.  Several kinds of macromolecular trafficking are involved in 
the invasion, such as intracellular sorting of virus proteins and nucleic acids, cell-to-cell 
movement of virus nucleoprotein that typically occurs through plasmodesmata, and long-
distance transport of nucleoprotein particles in the vascular system.  Versions of the same 
trafficking routes apparently are also used by plants to move their own proteins, RNAs and 
RNA-protein complexes, some of which, such as anti-virus RNAi, are involved in the arms race 
with the virus, while others control development and morphogenesis of the host organs 
(Waigmann et al., 1998; Boevink and Oparka, 2005; Harris and Ding, 2011; Schoelz et al., 2011; 
Ueki and Citovsky, 2011).  At the center of these intercellular exchanges are plasmodesmata, the 
membranous channels that protrude across the walls of adjoining cells and are thought to be 
intricately and dynamically regulated by the plant, in order to control the flow of 
macromolecules and perhaps also for other purposes.  Despite intense interest in plasmodesmata 
and the decades of their study in healthy and virus-infected plants, their molecular composition 
and mechanisms of function remain only partially characterized (Maule et al., 2011; Burch-
Smith and Zambryski, 2012; Kragler, 2013; Lee, 2014). 
Plasmodesmata appear to represent a bottleneck for virus cell-to-cell spread (Niehl and 
Heinlein, 2011; Schoelz et al., 2011), and virus genomes encode factor(s) that are specifically 
required for virus cell-to-cell movement through plasmodesmata, as distinct from virus genome 
replication, expression, encapsidation and other virus-specific functions.  This was shown first 
by phenotyping of temperature-sensitive mutants of Tobacco mosaic virus (TMV) followed by 
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genetic complementation studies and finally by locating the point mutations specifically 
impairing virus movement to the protein product of the middle cistron in TMV genome, with 
predicted molecular weight of about 30 kDa (hence the name “30K protein”) (Taliansky et al., 
1982a, 1982b; Deom et al., 1987; Meshi et al., 1987; Padgett et al., 1995; Beachy and Heinlein, 
2000; Boyko et al., 2000; Scholthof, 2005; Tilsner et al., 2014). 
Homologs of the 30K protein, with various degrees of sequence similarity to the founding 
member of the group, continue to be discovered in various plant DNA and RNA viruses, and the 
30K superfamily of plant virus movement proteins (MPs) has been delineated (Melcher, 1990; 
Koonin et al., 1991; Mushegian and Koonin, 1993; Melcher, 2000).  Molecular analysis  of 
different members of the 30K superfamily has revealed many  properties of MPs that are of 
potential relevance to the mechanisms of cell-to-cell spread of viruses in plants.  This  includes 
the ability of many of the 30K proteins to bind to single-stranded RNA and DNA cooperatively 
but non-specifically; the binding is thought to be important in  producing a non-virion 
ribonucleoprotein form of virus genome, the entity that is being transported through the 
plasmodesmata in some viruses (Lough et al. 2000; Karpova et al. 2006, Shemyakina et al. 
2011).  Many MPs have been localized to plasmodesmata, and some have been seen in 
association with endoplasmic reticulum (ER, which is the site of virus replication and viral 
ribonucleoproteins assembly), or with actin cytoskeleton that scaffolds ER and links it to 
plasmodesmata (Amari et al., 2010; Carluccio et al. 2014; Rong et al., 2014).  Selected MPs have 
been also shown to induce the increase of the plasmodesmata size exclusion limit (Wolf et al., 
1989; Waigmann and Zambryski, 1995; Su et al., 2010).  Some MPs are able to sever actin 
filaments, and this appears to be a pre-requisite for gating (Chen et al., 2010; Su et al., 2010).  
Many MPs (though not the 30K MP of TMV) are able to self-associate in vivo to form hollow 
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tubular structures protruding from plasmodesmata to cytoplasm; these structures appear to be the 
conduits for trafficking, as virions are seen associated to them (Kasteel et al., 1996; Liu et al., 
2011).  Finally, many examples of interactions between 30K superfamily movement proteins and 
host plant proteins have been reported, some of them of potential functional significance (Kasteel 
et al., 1996; Shimizu et al., 2009; Amari et al., 2011; Liu et al., 2011; Niehl et al., 2012; Peiró et 
al., 2014). 
Despite considerable progress in those areas, the picture of the 30K superfamily role in 
virus trafficking is far from being complete.  To wit, binding to nucleic acids is a property 
observed in many different virus proteins with diverse functions, and among those, the 30K-
family MPs do not appear to be particularly good binders, with much of the in vitro 
experimentation done at a large molar excess of protein over nucleic acids (Li and Palukaitis, 
1996).  The details of interaction with cytoskeleton and ER are surprisingly variable between 
MPs from closely related viruses (Lucas, 2006; Niehl et al., 2013), and crucial aspects of thh 
dependence of trafficking upon cytoskeleton  are under debate even in the case of the best-
studied MP of TMV (Niehl et al., 2013).  As for the protein interactors of MP, the vast majority 
of them have been identified in heterologous systems such as yeast two-hybrid screens, and not 
from the native, purified protein complexes, and none of these putative interactions appear to be 
conserved between different MPs. 
Our understanding of the sequence conservation of the 30K superfamily is also far from  
satisfactory.  With the discovery of more and more diverse members of the family, it has become 
difficult to identify long regions of significant sequence similarity shared by all of them, and the 
the sequence signature of the 30K superfamily as a whole appears to be centered around the sole 
conserved “D motif”, characterized by a nearly-invariant aspartic acid amino acid flanked by two 
6 
predicted beta-strands (Mushegian and Koonin, 1993, Melcher, 2000, Yu et al., 2013).  The 
aspartic acid residue is a good target for site-directed mutagenesis when an inactivating mutation 
is needed, but the molecular function of this or any other site in the 30K superfamily remain 
practically unknown.  The evolutionary origins of the 30K superfamily also remain obscure, as 
many of the purported connections between this family and other viral or cellular proteins, 
suggested before by one of the authors of this study (Koonin et al., 1991; Mushegian and 
Koonin, 1993), as well as others (Zimmern, 1983; Citovsky et al., 1992; Melcher, 1993; 
Xoconostle-Cázares et al., 1999), were inferred using the ad hoc approaches and could not be 
validated by the quantitative methods of database search and sequence analysis. 
In this work, we present an up-to-date information on sequence similarities between the 
members of the 30K superfamily of MPs encoded by plant viruses.    We also survey plant 
genome sequences and highlight the ubiquitousness of the Caulimoviridae-related sequences, 
encoding the 30K MP homologs, integrated into the genomes of ferns, gymnosperms and 
angiosperms.  These observations may provide a more robust guidance to structure-function 
studies of the 30K superfamily members and open novel directions of investigating the role of 
the 30K superfamily of virus movement proteins in virus infection and host cell function. 
 
Materials and Methods 
Protein sequence database searches were done in July 2014 on the non-redundant protein 
sequence database (NR) at NCBI, on its subset consisting of all virus protein sequences, or on all 
proteins from Viridiplantae.  Searches with the PSI-BLAST algorithm (Schäffer et al., 2001) 
were run using the composition-based statistics option, with the SEG filter set at false; 
checkpoint profiles were saved at each iteration, and the threshold for inclusion was set at 0.001 
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in the first five iterations and adjusted to 0.01 at later iterations when the complete NR database 
was scanned.  In the cases of smaller databases, the cutoffs were reduced empirically to avoid 
inflated scores.  For added sensitivity, queries were submitted to the HHPred server (Söding et 
al., 2005), which converts the closer homologs of the query sequence into a profile Hidden 
Markov Model and matches it to the models of all protein families in Interpro and NCBI CDD 
databases.  In some cases, HMMER3 package (Finn et al., 2011) was also used.  
For searching nucleotide databases, we used BLASTN, TBLASTN and BLASTX 
programs (Altschul et al., 1997).  Nucleotide sequence databases at NCBI that were searched 
included non-redundant NT database, dbEST database, and whole-genome shotgun sequence 
database.  Species-specific genome databases that were not yet available for online searching, 
such as Utricularia gibba genome database and fern databases, were downloaded and searched 
using locally installed BLAST programs. 
Multiple sequence alignments were obtained using PROMALS3D server (Pei and 
Grishin, 2014), followed by manual removal of unaligned terminal regions in some proteins and 
re-alignment of the less-conserved internal regions using the Gibbs sampler algorithm 
implemented in the MACAW program (Schuler et al., 1991). PROMALS3D server also 
generated secondary structure prediction for the aligned sequences, using the PSIPRED 
algorithm (Jones, 1999). 
Phylogenetic inference was done using the PhyML server (Guindon et al., 2010) with LG 
substitution model, most other parameters estimated from the data, and 100 bootstrap replicates 
performed in order to assess the support of the internal partitions in the tree.  The iTOL server 
(Letunic and Bork, 2011) was employed for tree examination and visualization. 
For the analysis of selective constraints operating on the evolving sequences of 
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Caulimoviridae MPs and their cellular homologs, the amino acid sequences were aligned using 
MUSCLE (Edgar, 2004) as implemented in MEGA5.2 (Tamura et al., 2011).  Using this amino 
acid alignment as guide, an alignment of codons was generated.  Prior to other analyses, the best 
model of nucleotide substitution was evaluated using MODELTEST (Posada and Crandall, 
1998) as implemented in MEGA5.2 (Tamura et al., 2011).  The best fitting model was GTR + Γ 
+ I, with a shape parameter α = 1.77 for the Γ distribution and I = 3% of invariable sites.  Any 
possible confounding effect of recombination was ruled out using the GARD algorithm 
(Kosakovsky Pond et al., 2006) as implemented in the HYPHY server (www.datamonkey.org) prior 
to the selection analyses. 
The signature of episodic diversifying selection at individual codons of the sequence 
alignment of viral and integrated MP genes was evaluated using a mixed effects model of 
molecular evolution (MEME) (Murrell et al., 2012).  The p value threshold was set at ≤ 0.10 
significance level, the empirical Bayes factor threshold set at 20.  Mutual dependence among 
selected sites, that is whether a site is more or less likely to experience a nonsynonymous 
substitution at a branch when certain other sites experience nonsynonymous substitutions at the 
same branch, was evaluated using the SPIDERMONKEY Bayesian network method proposed by 
Poon et al. (2007).  These methods are implemented in the HYPHY server. 
 
Results 
Expanding range of viruses that encode movement proteins of 30K superfamily 
Proteins that are homologous to the known members of the 30K superfamily of MPs have 
been recognized in many groups of viruses with RNA and DNA genomes; various attempts at 
defining conserved sequence motifs and secondary structure elements in these homologs have 
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been summarized over the years in several studies (Koonin et al., 1991; Mushegian and Koonin, 
1993; Melcher, 2000; Yu et al., 2013). 
We have reviewed the evidence, using as the starting point a recent survey of movement 
functions encoded by plant viruses (Tilsner et al., 2014).  We selected every virus group or 
unclassified virus that has one or more confirmed or predicted MP and excluded from the list all 
known movement proteins that belong to classes unrelated to the 30K superfamily, such as the 
double-block, triple-block, quintuple-block proteins, proline-rich tymovirus-like MPs, potyvirus 
P3-PIPO module, or luteovirus long-distance movement factors (see Tilsner et al., 2014, for a 
summary, as well as Taliansky et al., 2008, Verchot-Lubicz et al., 2010,  Schoelz et al., 2011, for 
additional review of some of these movement modules).  Each of the remaining proteins was 
used as a query in the iterative sequence database searches using PSI-BLAST program (Altschul 
et al., 1997) and HHPred server (Söding et al., 2005).  The results of this analysis are shown in 
Table 1.   
New members of the 30K superfamily have been proposed in recent years in several 
genera of positive-strand RNA viruses, such as Cheravirus, Cilevirus, Citrivirus, Ourmiavirus, 
Sadwavirus, and Torradovirus, as well as in viruses with negative-strand RNA (families 
Ophioviridae, Rhabdoviridae and genera Emaravirus, Tenuivirus).  We confirmed significant 
sequence similarity to one or more members of the 30K superfamily for the MPs from all the 
aforementioned groups of positive-strand RNA viruses, as well as from ophioviruses, 
emaraviruses, tenuiviruses, and cytorhabdoviruses.  Interestingly, representatives of more than 
80% of these virus groups could be detected in just one PSI-BLAST search of the virus subset of 
the nonredundant database, which was initiated with the sequence of the MP from carrot mottle 
umbravirus (gi 211774535) and was run for 19 iterations before reaching convergence.  The 
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checkpoint profile and the list of all statistically significant matches for that search are given in 
the Supplementary Files 1 and 2, respectively. 
MPs of nucleorhabdoviruses (usually known as gene 3 product, or in the case of Sonchus 
yellow net virus as Sc4) could not be matched to 30K sequences or alignments using sensitive 
PSI-BLAST, HHPred or HMMER3 searches.  We note that the argument for the inclusion of 
nucleorhabdovirus MPs into 30K superfamily has been based in the first place not on the 
statistics of the database searches, but on the similarity of predicted secondary structure maps 
(Scholthof et al., 1994; Huang et al., 2005).  In the available MP sequences from 
nucleorhabdoviruses, as well as plant rhabdoviruses with bipartite genomes typified by Coffee 
ringspot virus, analysis of the predicted secondary structure indeed suggests a mostly-beta region 
with seven or eight strands, followed by an alpha-helical region (data not shown).  The sequence 
signatures in these structural elements, however, are different from those shown in Figure 1, so 
we do not feel that a superimposition of strands alone provides a sufficient evidence of the 
ancestral relationship of these MPs to the 30K superfamily.  The purported MPs of rice yellow 
stunt nucleorhabdovirus appears to have a different arrangement of strands and helices, so the 
case for its inclusion into the 30K superfamily is even weaker at present.   
Undoubtedly, discovery of novel plant virus groups and further sampling of the 
sequences from the already-described groups will provide for a denser coverage of the sequence 
space, allowing us to construct better probabilistic models and give a more definitive account of 
sequence relationships in these movement proteins.  
In the meantime, there is a sound basis for joining the sequences of various 30K 
superfamily MPs, some of which were assigned to five PFAM families and four clans in the 
conserved domain database, into one high-order superfamily or clan.  The current PFAM and 
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INTERPRO entries covering various subsets of the 30K superfamily are noted in Table 1. 
 
Multiple sequence alignment and secondary structure prediction for the 30K superfamily 
Previous analyses of sequence and structure similarities of a subset of the 30K 
superfamily members found a conserved core consisting mostly of beta-strands (Melcher, 2000).  
We used the PROMALS3D program that produces multiple sequence alignments with improved 
accuracy (Pei and Grishin, 2014) and annotates secondary structure based on the consensus 
predictions by the PSIPRED algorithm (Jones, 1999). The program generated a comprehensive 
consensus sequence alignment of the 30K superfamily (Figure 1).  This alignment confirms 
many observations made in the earlier studies (Melcher, 2000; Yu et al., 2013), but also points 
out several conserved sequence and structural features that, to our knowledge, have not been 
discussed before. 
The core of the 30K superfamily includes seven  predicted beta-strands, numbered 1 
through 7 in Figure 1.  Between strands 1 and 2, there is a region without clear sequence motifs 
that is likely to adopt a helical structure.  Other pairs of successive strands are connected by 
putative loops of different lengths and with different patterns of sequence conservation.  Strands 
1 and 5 are likely to be bulged or puckered because of commonly found proline residues within 
each of them.  Strand 2 frequently contains a histidine residue at the N-terminus.  Strand 3 is 
terminated by the nearly invariant aspartic acid residue – the “D motif” noted before (Koonin et 
al., 1991; Mushegian and Koonin, 1993; Melcher, 2000).  This aspartic acid is replaced by 
asparagine in alfamoviruses, dianthoviruses and torradoviruses, and is aligned to an aromatic 
residue in nepoviruses.  In the latter case, however, аn aspartic acid residue is found five residues 
downstream in the same loop, and we suspect that this may be a functional equivalent of the D 
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motif in nepoviruses. 
The loops within the region appear to have the following distinguishing features.  Loop 4 
(between strands 4 and 5) is the shortest  and is dominated by small-side-chain or kink-forming 
residues (glycine, alanine and proline; Figure 1).  The turn between strands 4 and 5 is therefore 
expected to be short and tight, and  the two strands most likely are antiparallel to each other.  
When the complete alignment is examined, loop 4 bears an excess of positively charged residues, 
as well as depletion of negatively charged residues, compared to a representative set of loops in 
globular proteins whose charge distribution has been examined (Kwasigroch et al., 1996; Wojcik 
et al., 1999, and data not shown).  Walking outwards from there, loops 3 and 5 are both longer 
than loop 4, and show the excess of charged residues, basic but in particular acidic (the latter is 
true even not counting the invariant aspartic acid in loop 3).  Going still further, loops 2 and 6 are  
even longer, but the density of charges in both of them is reduced.  An outline of the MP fold 
emerges from these observations, with a pair of antiparallel strands 3 and 4 likely to form either 
the middle of a beta-sheet or one edge of a beta-sandwich.  This would also bring loops 3 and 5 
close to each other in space, forming a patch on the surface of the molecule with a net negative 
charge. 
Other studies have suggested additional strands located mostly to the C-terminus of the 
region described here; the eight-stranded beta-sheets are more common than the seven-stranded 
ones, as can be seen for example by examining the statistics of the SCOP database (Andreeva et 
al., 2014), so it is quite possible that the complete structural core of 30K superfamily contains 
additional elements of secondary structure not well-tractable by sequence comparisons.  We have 
also noted the predicted non-globular segments in the N-terminal and/or C-terminal regions of 
several MPs, often with overrepresentation of serine residues.  Finally, in most virus genera, the 
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core all-beta region described here accounts for only a portion of the mature MP, so additional 
strands and helices, and perhaps even separately folding extra domains, are likely to be found in 
many of them. 
Our attempts to take this analysis further and predict the three-dimensional structure of 
the 30K superfamily were inconclusive.  Even the advanced programs of fold recognition and 
prediction of spatial structure, such as I-TASSER (Roy et al., 2010) that have been reported to 
have excellent performance in the blind experiments, as well as the public metaservers that 
integrate results of multiple analyses (e.g., GeneSilico – Kurowski and Bujnicki, 2003), did not 
provide a definitive prediction; when various 30K MP sequences were used as queries, the all-
beta proteins were among the best matches in most cases, but no consistent winner emerged.   
In the absence of confident fold prediction, the multiple alignment information provides 
the best clues to structure-function studies, delineating the sites of potential functional 
significance that can be mutated to assay the properties of proteins and the course of virus 
infection.  On the basis of the alignment shown in Figure 1, some of the previous experiments of 
mapping individual molecular properties to specific short regions of movement proteins can be 
expected to disrupt the fold of the core 30K domain, and perhaps of the whole protein; in such 
cases, these mapping results may be in need of critical reassessment. 
Several groups of viruses, such as bipartite begomoviruses with DNA genomes, as well 
as tombusviruses and umbraviruses with positive-strand RNA genomes, encode short forms of 
30K superfamily MPs, in which the core region shown in Figure 1 accounts for almost two-thirds 
of the complete protein.  These relatively compact representatives of the family may be good 
candidates  crystallization and determination of  the three-dimensional structure.  This seems to 
be a timely endeavor nearly 50 years after the first description of a virus mutant defective in cell-
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to-cell movement (Jockusch, 1968) and more than 30 years after mapping the movement-
impairing amino acid replacement in a TMV mutant to the 30K protein (Leonard and Zaitlin, 
1982). 
 
Cellular homologs of 30K movement protein genes (cMPs) 
The evolutionary origins of the 30K superfamily remain a mystery, because the tertiary 
structures of this family are still uncharacterized, and there appears to be no recognizable 
homologs of this family of proteins outside of plant viruses.  In an attempt to identify any, 
possibly remote, homologs of the 30K superfamily MPs, we searched public amino acid and 
nucleotide sequence databases, using individual sequences as well as probabilistic models of the 
homologous sets of sequences as queries.  There were no statistically significant matches to any 
cellular gene products.  In the same searches, however, it became evident that many plant 
genomes contain one or more copies of the MP gene, which in all cases were most closely 
related to homologs from the family Caulimoviridae. 
The observations of the copies of caulimovirus DNA integrated in genomes of specific 
angiosperms have been made in the recent years (Harper et al., 1999; Hull et al., 2000; Lockart et 
al., 2000; Richert-Pöggeler et al., 2003; Gregor et al., 2004; Staginnus et al., 2006, 2007; Gayral 
et al., 2008; Pahalawatta et al., 2008; Squires et al., 2011).  It has been noted also that some 
species of perennial woody plants, in particular grape and poplar, have multiple copies of 
caulimovirus-related proviruses, apparently resulting from retrotransposition, in many cases 
followed by pseudogenization (Bertsch et al., 2009).  Nomenclature proposals for these 
endogenous virus-like sequences (“endopararetroviruses”) are emerging (Blomberg et al., 2009; 
Staginnus et al., 2009), but it is still not well understood how widely this class of retroelements is 
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distributed.  Moreover, much of the earlier analysis has focused on the hallmark reverse 
transcriptase sequences, and little attention has been given to the state of the movement protein 
genes in the integrated copies of pararetrovirus genomes. 
To study these questions further, we have searched the large-scale genome and 
transcriptome  data from multiple plants, focusing primarily on the  species that had genome-
wide sequence information submitted to GenBank and using movement proteins from 
Caulimoviridae and other plant viruses as queries.  There were no reliable matches to MPs 
encoded by RNA viruses or ssDNA viruses, but, in sharp contrast, at least one copy of 
caulimovirus MP gene homolog could be identified in a wide variety of angiosperm genomes 
(Table 2).  This was the case for all major clades defined by the Angiosperm Phylogeny Group 
III, such as basal angiosperm Amborella trichopoda; magnoliids Aristolochia fimbriata and 
Liriodendron tulipifera; various monocots; basal eudicot Nelumbo nuciferа; and the major 
divisions of eudicots, including core rosids, core asterids, Saxifragales and Caryophyllales.  
Moreover, MP gene homologs were found in the genome contigs of three gymnosperms, Pinus 
taeda, Picea glauca and Pseudotsuga menziesii, and in recently obtained shotgun genome 
sequences of five fern species from the family Polypodiaceae (data not shown).  All of these 
proteins are found as highly- or moderately significant matches (BLASTP or TBLASTN e-
values < e-3, or more commonly < e-5) in BLAST search, using a known caulimovirus, 
badnavirus or tungrovirus MP sequence as a query. 
We also asked whether any genomes of seed plants could be confidently asserted to lack 
MP homologs.  The task is obviously complicated by the uneven sampling of different clades of 
gymnosperms and angiosperms, as well as different degrees of sequence assembly and 
annotation by the ongoing genome projects.  It appears, however, that whenever sufficient 
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sequence coverage of the target genome has been achieved, the integrated Caulimoviridae-like 
MP gene copy (cMP) is detectable.  Often, the genes encoding the protein have already been 
predicted, and some of them are annotated either as a virus movement protein or as a virus 
polyprotein. 
Two carnivorous plants from the Lentibulariaceae family, Genlisea aureus and U. gibba, 
appear to be an exception.  Exhaustive search of the complete genome sequences and 
transcriptome resources from these plants did not yield any significant matches to MP sequences, 
even though we were using the same protocols that allowed us to find homologous sequences in 
less well-covered genomes.  Similar efforts also failed to detect cMP gene homologs in two 
complete genome sequences of primitive land plants, the bryophyte Physcomitrella patens and 
the lycophyte Selaginella moellendorfii, as well as among the available partial sequences from 
various other mosses or club mosses.  At a more anecdotal level, search of the database of 
ongoing genome assemblies of the parasitic angiosperms from the family Orobanchaceae 
(Torres et al., 2005; Yoshida et al., 2010) detected cMP-like sequences in the genome of 
hemiparasites from this family but not in the genome of holoparasite Orobanche aegyptiaca. 
It is expected that with better sequence coverage of angiosperms, gymnosperms and 
ferns, the integrated pararetroviruses whose gene complement includes cMPs, will prove to be 
ubiquitous if perhaps missing from a few genomes.  On the other hand, it is possible that mosses, 
hornworts, liverworts and other land plants basal to the Euphyllophytinae lack 
endopararetroviruses and their MP genes altogether.  Interestingly, annotated reverse 
transcriptases encoded by retrotransposons of the Ty3/copia class (to which reverse 
transcriptases of Caulimoviridae are most closely related) are found in P. patens and S. 
moelendorfii, suggesting that the lack of cMP genes in these genomes is not due to systemic 
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over-masking or under-annotation of retrotransposable elements by the respective genome 
projects, but rather reinforces the hypothesis of a genuine, perhaps even ancestral, absence of 
integrated proviruses in these plant clades. 
Genomes of the sequenced species of Genlisea and Utricularia are among the smallest in 
angiosperms (Greilhuber et al., 2006), and have been noted for the reduction in the amount of 
non-coding DNA and “selfish” mobile elements, though they, too, encode some Ty3/copia-like 
retrotransposons (Ibarra-Laclette et al., 2013; Leushkin et al., 2013).  It is likely that the 
caulimoviridae-related proviruses failed to establish themselves in these small genomes because 
of the drive towards reduction of non-essential genetic regions after the split of the Utriculaceae 
from its sister clades (the nearest available genome is Mimulus guttatus, which is also a close 
outgroup of Orobanchaceae; it has at least one integrated caulimovirus-like region encoding a 
MP – Table 2). 
Curiously, the MP gene homologs in two of the best-studied model angiosperms, those of 
Arabidopsis thaliana and Zea mays, have escaped detection until now.  Two MP homologs have 
been recently predicted in the genome of Arabidopsis lyrata; the scan of the translated A. 
thaliana genome with these products readily detected an unannotated single-copy matching 
sequence located next to the predicted gene At1g37113, which is annotated as a putative 
retroelement.  In Z. mays, a single statistically significant partial match to caulimovirus and 
badnavirus movement proteins is detected in an unannotated region of chromosome 4 (Table 2).  
Given the incomplete sequence coverage of this locus, it remains to be seen whether this 
represents a full-length cMP gene. 
Similarly to the case of A. thaliana, whenever the identity of the genes adjoining the cMP 
gene in various genomes could be ascertained, the MP protein was typically encoded next to a 
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putative caulimovirus-type capsid protein, sometimes annotated as a Cys-finger protein, and/or 
to a reverse transcriptase-like gene, often assigned to the Ty3/copia class.  As a rule, these 
products were encoded in the same DNA strand 3’-terminally to the cMP gene.  This 
arrangement is consistent with gene order in both caulimoviruses and badnaviruses, which 
usually have the MP gene located to the 5’ end of the transcript that also encodes the capsid 
protein and reverse transcriptase.  Caulimoviruses tend to express their genes as separate open 
reading frames overlapping by a few bases on a polycistronic mRNA, whereas badnaviruses 
commonly encode the same proteins as translational fusions (Hohn and Rothnie, 2013); the 
current gene recognition algorithms for plants are not well-suited to detect overlapping ORFs, so 
the genome structure in caulimovirus-like endopararetroviruses requires further investigation. 
Interestingly, when extensive EST or transcriptome resources are available for a given 
species, partial transcripts matching the MP in the provirus also tend to be recovered (Table 2, 
and similar data for gymnosperms and ferns not shown).  Often, there is a cDNA precisely 
matching the relevant genome region, reinforcing the conclusion that the provirus-encoded cMP 
genes are transcribed.  The ESTs are available in particular for arabidopsis and maize cMPs, 
which have been missed by genome annotators.  It is not known, however, whether any of the 
sequenced transcripts encoded by integrated endopararetroviruses are translated into functional 
movement proteins. 
 
 
Phylogeny of movement proteins encoded by plant viruses and integrated proviruses 
Phylogenetic relationships between different families of MPs have been examined before 
(Mushegian and Koonin, 1993; Melcher, 2000).  Despite statistically significant sequence 
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similarities that exists between each group included in Figure 1 and at least one bona fide 
member of the 30K superfamily, the average pairwise sequence similarity for the whole group is 
low, making high-resolution phylogenetic inference on these sequences problematic.  Indeed, 
distance matrix-based methods in the past have failed to produce a statistically supported tree 
topology  (Melcher, 2000), and our phylogenetic analysis using the maximum-likelihood 
approach also did not generate any well-supported clusters, suggesting very fast evolution of 
those virus proteins (a tree is available as Supplementary File 3).  This paradoxical situation, i.e.,  
robust statistical support for the inclusion of diverse sequences into a monophyletic superfamily, 
coexisting with  poor resolution of the lineage splits, is encountered time and again when 
homologous proteins from vastly diverse virus genomes are compared ( Koonin and Dolja, 1993; 
Koonin et al., 2008).  The abundance of long branches in the tree may partly explain the 
observation of several clades of MPs using maximum-parsimony approach in a previous study 
(Melcher, 2000), as parsimony methods are particularly prone to long-branch attraction artifacts 
(Felsenstein, 1978). 
In contrast to the elusive topological signal in the phylogeny of virus MPs, the integrated 
cMP genes in plant genomes and their relatives from caulimoviruses are separated by relatively 
short evolutionary distances and are much better amenable to phylogenetic inference.  Several 
case studies have been published already; for example, in banana streak badnavirus complex and 
its hosts of the genus Musa, molecular evidence has been presented for an ancient invasion of 
Musa balbisiana genome by viruses, their subsequent pseudogenization, and possible recent 
reactivation as a result of human selection of M. balbisiana × Musa acuminata interspecific 
hybrids (Harper et al., 1999; Geering et al., 2001; Gayral et al., 2008).  In contrast, one virus 
integration into the genome of different species of genus Nicotiana appears to be very recent, as 
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judged from the low divergence between the integrated and free virus sequences (Gregor et al., 
2004; Staginnus et al., 2007).   
We used maximum-likelihood approach, implemented in PhyML program, to infer the 
tree of caulimovirus and host-integrated MPs.  The initial dataset consisted of 41 sequences of 
movement proteins from Caulimoviridae (full names and taxonomic positions of these viruses 
are given in Supplementary File 4) as well as the sample of 42 non-pseudogenized MPs from 
endogeneous pararetroviruses detected in 20 species with sufficient genome resources deposited 
into GenBank.  This large tree (Supplementary File 5), rooted on the trichovirus MP, known to 
be one of the nearest relatives of caulimovirus MPs, has confirmed the partition of 
Caulimoviridae into bacilliform and spherical virus clades, with 65% bootstrap support; the split 
of the former into genera Badnavirus and Tungrovirus is also supported, as is the separation of 
spherical viruses into five ICTV-approved genera.  Generally, MPs encoded by 
endopararetroviruses integrated in monocot genomes were closer to the badnavirus or 
tungrovirus homologs, and sequences from endoviruses of dicots were closer to viruses from 
other genera, in agreement with the host ranges of the respective viruses.  Interestingly, the cMP 
from the basal angiosperm Amborella is located within the badnavirus-monocot clade of MP, 
whereas gymnosperm homologs appear as basal branches, not closely related to the MP sequence 
from the sole pararetrovirus known to infect gymnosperms, the cycas leaf necrosis badnavirus. 
Also of interest, the majority of virus sequences clustered with other viruses, not with the 
cMP sequences from their known hosts.  Rare examples of mixed virus-plant clusters include a 
pair of relatively long sister branches representing movement proteins from Rice tungro 
bacilliform virus and endopararetrovirus from barley; a cMP of the integrated virus from lettuce 
(Lactuca; Compositae) nested within a group of caulimoviruses that included one virus infecting 
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Compositae, Dahlia mosaic virus; and four cMPs from the legume Medicago truncatula in a 
cluster with legume-infecting soybean chlorotic mottle soymovirus (SoCMV).  Among those, 
only M. truncatula-SoCMV clade is statistically supported, though even in this case, the degree 
of sequence similarity and the level of support are much lower than with the pair of tobacco vein 
clearing tobamovirus (TVCV) and recently integrated tobacco endopararetrovirus (Lockhart et 
al., 2000). 
Examining in more detail the repertoire of non-defective movement proteins in the 
genomes of one family of eudicots, the legumes (Fabaceae), we see additional interesting trends 
(Figure 2).  First, endopararetrovirus MPs from the same species do not always cluster together.  
For example, sequences from Lotus japonicus and M. truncatula are each dispersed between two 
different clades; in the case of the latter species, four SoCMV-like sequences are likely to be the 
result of intragenomic duplication after integration of a strain or a close relative of SoCMV, 
whereas the fifth, more distantly related homolog, may be a result of more ancient integration by 
a different, unknown virus.  Second, phylogenetic affinities of integrated MP gene products do 
not always reflect the relative taxonomic positions of their hosts – for example, sequences from 
Cicer acerinum are found in a cluster with the A. thaliana homologs, outside of the clade that 
includes all other legume endopararetroviruses, whereas cMP sequence from Lupinus 
angustifolium, the outgroup of the inverted repeat-lacking clade (IRLC) to which all other 
legumes in the dataset belong (Wojciechowski et al., 2000), is nested within Lotus and Medicago 
homologs and forms a clade specifically with cavemoviruses. 
Taken together, all these observations are best compatible with the hypothesis that the 
endopararetrovirus landscape, at least in the plants examined here, was formed by repeated 
integrations of various Caulimoviridae into different plant genomes; some of the integration 
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events must have been followed by duplication of the integrated copy, and others by 
rearrangements and pseudogenization. With time, some integrated virus copies may be 
completely purged form the host genome. On the other hand, at any given time in most, if not all, 
plant genomes a subset of integrated viruses appears to remain intact and transcribed.  Finally, 
with a few exceptions mentioned above, virus sequences tend not to form sister branches to the 
endopararetrovirus clades, suggesting that the majority of viruses that gave rise to the observed 
integrated copies either have not been sequenced yet or have become extinct. 
 
Identifying the signs of episodic diversifying selection in cMPs 
In order to further assess the hypothesis that the cMP genes may be  not only transcribed, 
as the EST data suggest, but also translated into proteins, we investigated whether  the properties 
of the putative translation products of the cMP genes may be subject to natural selection. We 
aligned the sequences of caulimovirus MP and cMP genes at the codon level, guided by the 
protein-level alignment (Supplemental File 6).  The codon alignment was analyzed for the ratio 
of transition and transversion rates  (ω = dN/dS) to look for the evidence of positive and 
diversifying selection in these genes, applying a mixed effects model of evolution (MEME) that 
allows ω to vary from site to site and from branch to branch at each site (Murrell et al., 2012).  
With this approach, we have identified episodic positive selection in five codons.  Three of these 
codons (numbered 8, 52 and 97 in the caulimovirus MP alignment – Supplemental File 6) map 
onto the core region within the 30K superfamily (Figure 1), and the remaining codons 115 and 
118 encode two residues in a loop that follows strand 7.  Codons 8 and 118 were positively 
selected mostly in the branches leading to MPs of caulimoviruses, whereas positive selection 
acted on other three codons in free viruses as well as integrated virus lineages (Figure 2).  
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Interestingly, typically more than one of these codons is being selected in the same branch, 
suggesting that selection may operate in a coordinated manner over several residues of the 
protein.  To test this non-independence among amino acid sites, we ran the SPIDERMONKEY 
algorithm, which found the existence of a significant association between nonsynonymous 
replacements in each of these codons, with codons 52, 115 and 118 being the most 
interdependent ones (Figure 2). 
Amino acids encoded by codons 8 and 97 map to the predicted loops that may be in 
spatial proximity within the three-dimensional structure of the 30K proteins (see Figure 1 and 
discussion above).  Codon 57 corresponds to the amino acid located in the middle of conserved 
strand 4, and tolerance of a change in that, presumably structurally important, position could 
perhaps be explained best by partial exposure of this strand, e.g., if antiparallel strands 4 and 5 
form one edge of a beta-sandwich.  Locations of the positively-selected, and sometimes jointly-
selected, amino acids within the cMP sequence and predicted structure indicate that at least some 
of them may be located close to each other is space, and perhaps be part of an interface involved 
in an interaction, and co-evolution, of MPs and cMPs with other macromolecules. 
 
Discussion 
Evolutionarily diverse groups of plant viruses employ different genome strategies, but 
most of them, i.e., viruses with positive-strand, negative-strand and ambisense RNA genomes, as 
well as single-strand DNA and double-strand DNA (pararetrovirus) genomes, encode related 
30K-superfamily movement proteins; only plant viruses with double-strand RNA genomes do 
not have the proven homologs of this family thus far.  Together with the palm-domain replicative 
polymerase found in all non-defective  plant RNA viruses and, in modified form, in 
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pararetroviruses (missing only in plant single-strand DNA viruses), and with jellyroll-type capsid 
proteins, which are  found across plant viruses with different genome strategies (missing only in 
pararetroviruses), the 30K superfamily appears to be a plant virus gene family with the broadest 
phylogenetic distribution. 
The predicted all-beta fold of the conserved core of the 30K superfamily, and the likely 
position of the strands and loops within this core, in fact are reminiscent of the proteins with 
jellyroll topology, most of which contain eight strands arranged in two layers, with the 
antiparallel beta-hairpin at one edge.  We were unable, however, to provide a robust statistical 
argument for specific sequence or structure similarity between 30K superfamily and jellyroll 
proteins, even though occasional highly ranked similarities to capsid proteins, notably from RNA 
viruses with spherical virions were detected by some of the fold-recognition algorithms. For 
example,  COMA (Margelevicius et al., 2010) and Phyre2 (Kelley and Sternberg, 2009) servers 
employed probabilistic models seeded by tombusvirus p22 MP to detect, respectively, 
sobemovirus and norovirus capsids as best matches. Despite provocative nature of such 
similarities, they were not judged by the prediction software to be statistically significant, the 
suggested spatial models were build with borderline confidence, and the models included only a 
subset of the conserved beta-strands.  Despite these reservations, we feel that the matter is 
worthy of further investigation: should the connection with capsid proteins be validated by 
obtaining the three-dimensional structure of a representative 30K superfamily protein, this would 
certainly go a long way towards explaining the evolutionary origin of the 30K MPs, as well as 
their ability to form higher-order structures and to interact with a variety of other 
macromolecules.  This would also continue the theme of repurposing of duplicated virus capsid 
protein genes for macromolecular trafficking, already observed in the intracellular (nucleo-
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cytoplasmic) trafficking of bipartite geminivirus DNA, mediated in part by BR1 proteins which 
are homologs of geminivirus capsid protein (Sanderfoot et al., 1996; Ward and Lazarowitz, 
1999), and in the intercellular movement of closteroviruses, facilitated by the five-gene module 
that includes a capsid protein homolog p61 (Dolja et al., 2006; Peremyslov et al., 2004). 
One family of viruses encoding the 30K superfamily MPs, Caulimoviridae, appears to 
have invaded the genomes of nearly all euphyllophyte plants.  At one level, these integrated 
proviruses can be viewed as a subset of a larger class of type I,long terminal repeat (LTR) 
retrotransposable elements ( Caulimoviridae being a clade within this class that actually lacking 
LTRs). Such elements are already known to exercise various effects on the hosts, from 
inactivating genes at the site of insertion, to providing regulatory DNA regions capable of 
affecting expression of proximal and even distal genes, to donating their open reading frames to 
serve novel functions in plants (Lisch, 2013).  It has also been suggested that the caulimoviruses 
integrated into the genome of higher plants give rise to RNA transcripts that can be harnessed by 
cellular small RNA-processing machinery to suppress the superinfection by the closely related 
viruses (Bertsch et al., 2009).  All those biological functions would not require the expression of 
movement proteins themselves. 
Interestingly, however, the evidence of the uninterrupted protein-coding frame  in at least 
some of these endopararetrovirus cMP genes, as well as their transcription, is accumulating. 
Moreover, we have shown that several of the cMP genes experience positive selection at the 
codon level, indicating that the products of integrated 30K genes might be expressed and have a 
molecular function. If this hypothesis is borne out by experiments, the implications for virus and 
plant biology are likely to be considerable.   In the context of virus infection, one can speculate 
that all or some of the movement proteins, whether they are  30K-superfamily proteins  or the 
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movement modalities of different kinds,  are  operating in the presence  of the endopararetrovirus 
MPs of the 30K superfamily,  perhaps acting synergistically or antagonistically with them.  
MPs encoded by viruses have been implicated in dynamic regulation of plasmodesmata, 
in macromolecule trafficking, and in connecting these structures and processes to cytoskeleton 
and intracellular membranes (Peremyslov et al., 2004; Amari et al., 2010; Carluccio et al. 2014; 
Rong et al., 2014).  Relatively little is understood about the pre-infection, “ground state” of many 
of these systems.  Allowing for the molecular background of endopararetrovirus cMP gene 
products in at least some cells, we can speculate that plants are never “virus-free”, but have been 
tolerating, or perhaps harnessing, pararetrovirus gene products, including MPs, at different times 
in their life, possibly also for the tasks unrelated to interaction with other viruses. Obtaining a  
host plant line free of endopararetrovirus gene products (perhaps most practically A.thaliana in 
which the whole At1g37113 locus has been deleted or silenced) would be a useful resource for 
exploring these possibilities. In parallel with this, movement protein genes in plant virus 
genomes could be replaced by some of their cMP homologs, and the course of infection by such 
chimeras could be investigated in plants.  
Interestingly, all plant species that lack endopararetroviruses also share an anatomical 
feature, namely a reduced repertoire of vegetative organs.  In particular, mosses and Genlisea 
lack true roots; club mosses lack true leaves; there is no clear partition into roots, shoots and 
leaves in most species of Urticularia; and parasite Orobanche has extreme reduction of leaves as 
well as roots (Müller et al., 2006; Ligrone et al., 2012; Yoshida and Shirasu, 2012).  It remains to 
be seen whether more extensive sampling of primitive land plants as well as secondarily 
simplified angiosperms with different genome sizes will confirm this trend, and whether the 
proteins encoded by integrated pararetroviruses will be found to play a role in control of organ 
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differentiation in higher plants. 
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Figure Legends 
Figure 1. Multiple sequence alignment of plant virus movement protein from the 30K 
superfamily.  Sequences are from the viruses listed in Table 1.  The GenBank identifier, virus 
genus, and the distance in amino acids from the N-terminus of the protein are shown before each 
sequence.  In the secondary structure line, s indicates strand and h indicates helix, in each 
position where these elements were predicted by the PSIPRED run within the PROMALS3D 
program with confidence 6 or higher.  Predicted strands and loops are numbered.  Yellow shade 
indicates bulky hydrophobic amino acid residues (I, L, M, V, Y, F, and W), red type indicates 
acidic residues (D and E), blue type indicates basic residues (K and R), and green type indicates 
the residues that are likely to induce main chain turns or kinks (A, G, S, and P).  In the 
Caulimoviridae line, red shade highlights the residues whose codons  (codons 8, 52, and 97 – see 
text) experience periodic positive selection. 
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Figure 2: Phylogenetic tree and codon-level selection in a clade consisting of caulimovirus 
MPs and related sequences integrated in the genomes of selected eudicots. All caulimovirus 
MPs and all non-defective copies of the cMPs from the family Fabaceae are included, as well as 
selected sequences from other clades. GenBank identifiers for all protein sequences are shown. 
Virus sequences are designated by the ICTV acronyms prefaced by “v”, and cDNA or EST-
based sequences are prefaced by “c”. The five-letter plant species abbreviations are as follows: 
Ambtr, Amborella trichopoda; Araly, Arabidopsis lyrata; Arath, Arabidopsis thaliana; Cicar, 
Cicer acerinum (Fabaceae); Eutsa, Eutrema salsugineum; Glyma, Glycine max (Fabaceae); 
Jatcu, Jatropha curca; Lacsa, Lactuca sativa; Lotja, Lotus japonicus (Fabaceae); Lupan, 
Lupinus angustifolium (Fabaceae); Medtr, Medicago truncatula (Fabaceae); Nelnu, Nelumbo 
nucifera; Nicta, Nicotiana tabacum (Solanaceae); Pinta, Pinus taeda (Pinaceae; a gymnosperm); 
Poptr, Populus trichocarpa; Theca, Theobroma cacao. If the family is not indicated in brackets 
in the list above, refer to Table 2 for more detailed taxonomic information. The tree was inferred 
by the PhyML program, with 100 bootstrap replicates of the alignment generated to assess the 
significance of partitions in the tree. The level of bootstrap support for a clade is indicated if 
≥70% (large circles), 60-69% (smaller circles), 50-59% (smallest circles). The five-digit binary 
patterns are shown above each branch where the evidence of positive selection was detected. 
Each position in the pattern represents one of the five codons discussed in the text (i.e., codons  
8, 52, 97, 115, and 118 in that order), each state of one stands for the evidence of selection on 
this codon in a given branch, and zero  stands for lack of such evidence. The inset represents the 
same data with the emphasis on joint selection on several codons: thin lines connect the pairs of 
codons that are selected together in one branch of the tree, thicker line connects the pairs selected 
together in two different branches, and the thickest lines join the pairs selected jointly in three 
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branches.  
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Supplementary File 1: Checkpoint profile for PSI-BLAST search initiated by the sequence of 
carrot mottle virus MP (gi 211774535) 
Supplementary File 2: GenBank ID numbers of all 30K superfamily movement proteins found in 
19 iterations of PSI-BLAST search by the sequence of carrot mottle virus MP (gi 211774535) 
Supplementary File 3: Maximum-likelihood phylogenetic tree (Newick format) of 30K 
movement protein sequences aligned in Figure 1. 
Supplementary File 4: Phylogenetic tree of movement proteins from Caulimoviridae and their 
endopararetrovirus homologs. Abbreviations and other designations are as in Figure 2. 
Supplementary File 5: Codon-level sequence alignment used for the analysis of positive selection 
in MPs of caulimoviruses and their endopararetrovirus homologs. 
